The in vivo P50 (P50iv) provides a useful index of haemoglobin-oxygen affinity and is calculated according to software algorithms incorporated into commercial blood gas analysers. These algorithms are known to be inaccurate at high haemoglobin saturation (SpO 2 >97%) although just how inaccurate has not been documented. This study examines the arterial blood gas profiles of patients admitted to a busy secondary referral Intensive Care Unit and stratifies them according to haemoglobin saturation in order to quantify the accuracy and potential clinical utility of the Siggaard-Andersen algorithm (SAA) for assessing P50iv in blood with SpO 2 >90%. Sicker patients, as identified by plasma pH <7.35 or [lactate] >2.0 mmol/l, were substratified and the SAA assessed as before. In both groups, the results show not only that the SAA is completely unreliable above 97% saturation, a fact acknowledged by Siggaard-Andersen in 1984, but it is also inaccurate in the range 92% ≤ SpO 2 ≤ 97%, thus rendering P50iv calculations suspect in 90% of the patients in each of the study groups.
In vivo P50 (P50iv) is emerging as a very useful clinical tool in the assessment of tissue oxygen availability in the critically ill patient. Current research into safe methods of manipulating P50iv are beginning to bear fruit, though it remains unknown whether these will translate into improved patient outcome [1] [2] [3] . There are two general methods available for calculating P50iv. The first involves desaturation tonometry of a sample of blood in order to construct its oxyhaemoglobin dissociation curve with the P50iv being calculated by interpolation. This method is laborious and time-consuming though highly accurate. The second method involves a single-point analysis, usually from arterial blood, and the use of a mathematical model of the affinity curve to approximate the P50iv. This method is quick and automated, thanks to algorithms based on these mathematical models, and is incorporated into the software systems of all modern benchtop acid-base analysers. These algorithms, however, are limited in their clinical utility by problems with the accurate mapping of the modelled oxyhaemoglobin affinity curve to the actual oxyhaemoglobin affinity curve of the blood sample being tested, particularly in the high saturation ranges [4] [5] [6] . One of the most popular mathematical models is the Siggaard-Andersen algorithm with an apparent accuracy in P50iv prediction for the standard oxyhaemoglobin dissociation curve of 26.85±0.49 mmHg (mean±1.96 SD) across the saturation range 0.20≤SpO 2 ≤0.97. If this is true, then this algorithm should be very valuable in the assessment and ultimate tracking of changes in P50iv during therapeutic manoeuvres.
The aims of this simple study were twofold: 1. To examine the proportions of arterial blood gas analyses drawn from the general population of patients in a busy adult secondary referral ICU falling into discrete saturation categories. Because studies of critically ill patients have indicated a low P50iv possibly due to acidaemic inhibition of intraerythrocyte 2,3DPG production 7,8 , the study population was subgrouped into those patients who had significant acidaemia or hyperlactataemia, as it is these patients who may be most likely to benefit from manipulations of P50iv. 2. To examine the accuracy of the Siggaard-Andersen algorithm (SAA) as a mechanism for calculating P50iv against the data thus categorized. The SAA is used in the Radiometer of acid-base analysers' range (Radiometer Co., Copenhagen, Denmark) and generates a P50iv as part of the analysis report. The algorithm is claimed to be accurate up to and including haemoglobin saturations of 97%.
METHODS
During the six months April to September 1998 all patients admitted to the Nambour General Hospital Adult Intensive Care Unit were enrolled in this study. As part of their routine daily care, blood gases were drawn resulting in 7542 arterial blood gas estimates being available for analysis. No consent was required as this was an observational study, the performance and outcome of which had no impact on patient care. Patient identifiers (name, sex and unit record number) were deleted from the data prior to analysis.
Analytic Methods
In each case, blood was drawn from an indwelling arterial catheter and immediately analysed by a benchtop acid-base laboratory (ABL625, Radiometer, Copenhagen, Denmark) situated in the Intensive Care Unit. The results obtained were printed for clinical use and stored electronically for future retrieval. The laboratory scientists had trained all staff using the analyser and the machine was calibrated prior to this study. Daily quality controls were run by the laboratory staff to ensure proper maintenance and functioning of the analyser.
Definitions fHbCO-fractional concentration of carboxyhaemoglobin fMetHb-fractional concentration of methaemoglobin fHbF-fractional concentration of foetal haemoglobin P50iv-the PO 2 at 50% saturation, 37°C and measured plasma pH, PCO 2 , fHbCO and fMetHb Standard oxyhaemoglobin dissociation curve-the position of the oxyhaemoglobin dissociation curve with pH, pCO 2 , fHbCO and fMetHb within their respective normal ranges, that is, an unshifted curve Significant acidaemia-a plasma pH less than 7.35 Hyperlactataemia-a plasma lactate concentration greater than 2.0 mmol/l.
Calculations and Statistics
Statistical analysis and calculations were performed using the standard Applixware Spreadsheets statistical package and involved calculation of mean and standard deviation where appropriate.
Monte Carlo simulations were run using a C++ program written by the author. All other calculations were simple proportionate (percentage) analyses.
Mathematical Methods

Calculation of P50iv
The SAA expresses saturation as a function of PO 2 to describe the oxyhaemoglobin dissociation curve (ODC) as follows-y=1.875+x -x 0 +h* Because the ODC equation is not directly invertible (i.e., PO 2 cannot be directly expressed as a function of SpO 2 ) any solution for PO 2 from SpO 2 or P50iv from PO 2 /SpO 2 will involve an iterative technique (e.g., Raphson Iteration).
In order to calculate P50iv from a set of PO 2 /SpO 2 results, a value for a must be calculated by iteration as followsa (i+1) =a (i) +(y-y (i) )/-n (i) +tanh (0.5343*(x-x 0 )) where y (i) , n (i) and x 0 are calculated from a (i) using equations 1, 4 and 9.
The iteration begins with a (i) =0 for i=0 and ends when |y-y (i) |=E where E is a predefined error level (e.g., E=0.00001).
When the value for a is obtained P50iv can be calculated by iteration using x (i+1) =x (i) +(y-y (i) )/n (i) where y (i) and n (i) are calculated from x (i) using equations 1 and 9, once again setting x (i) =x 0 for i=0 and ending when |y-y (i) |=E.
By using the Severinghaus data ( Table 1 ) as a gold standard description of the standard ODC 10 , P50iv can be calculated for each PO 2 /SpO 2 pair and can be used as an internal quality control for the accuracy of the mapping of the standard ODC by the SAA.
Static simulation of P50iv
In order to determine an appropriate mean and SD for P50iv, a large static (Monte Carlo) simulation was written and compiled in C++ using published means and standard deviations for the measured allosteric factors pH, PCO 2 , fHbCO and fMetHb 11 .
To obtain normalized values for each of the aforementioned allosteric factors, pairs of random numbers (R 1 , R 2 ) in the range 0.0 R i 1.0, generated using a linear congruential method with a large enough period to avoid cycling, were used as input parameters to determine a standard normal variable (Z) according to the equation Z=[-2*ln(R 1 )] 1/2 *sin(2š*R 2 )[Eqn 10] This process was repeated four times resulting in a Z value for each factor.
Each Z value was used to generate a normal variate Y with mean µ Y and SD σ Y using the transformation Y=µ Y +σ Y *Z [Eqn 11] resulting in the required normalized values for pH, PCO 2 , fHbCO and fMetHb.
The values obtained were used in the calculation according to equation 7 and P50iv was calculated as described above using equations 1 and 9 for a given standard PO 2 /SpO 2 pair in the range 0.20≤SpO 2 ≤0.97.
The entire process was repeated for each standard PO 2 /SpO 2 pair in that range, calculating the cumulative mean and SD of the resultant P50iv every hundred iterations and terminating the simulation when the sequential error in mean or SD was <0.0001 mmHg.
Software
Raw data was collected from the ABL measurement log using the ABLView v1.9 software package supplied by the Radiometer Company, Denmark.
The Applixware software suite running on a Linux v5.2 PC was used in the spreadsheet collation and word processing of this document.
The C++ compiler used was the generic gcc program available on all Unix/Linux machines.
RESULTS
Assessment of Siggaard-Andersen Algorithm
P50iv was calculated, as described previously, for each standard ODC PO 2 /SpO 2 pair and the simulation was run to calculate an acceptable P50iv mean ±SD in order to assess model accuracy. After approximately 5000 simulation runs the result for P50iv was 26.85±0.25 mmHg (mean±SD), thus resulting in the range 26.85±0.49 mmHg (mean± 1.96 SD) used to assess the accuracy of the SAA in this study. A slightly wider range (26.85±0.57 mmHg (mean±1.96SD)) was reported by Siggaard-Andersen in 1988 11 probably due to the fact that only 100 simulation runs were performed rather than the thousands required to insure a true normal distribution of results. Figure 1 shows the relationship between calculated P50iv and saturation. It is readily obvious that the P50iv begins to drift low at about 92% saturation and briefly rises through the set range at 97% before peaking at a final value of 58 mmHg at 99.7% due to the fact that the SAA overestimates saturation in the arterial range of PO 2 .
Patient Data
Tables 2 to 4 illustrate the blood gas analyses broken down by pH, [lactate] and saturation. It can be seen from Table 4 Tables 5 illustrates the combined data for the population subset who were acidaemic or hyperlactataemic with the proportions falling into discrete saturation ranges shown in Table 6 . Interestingly, 89% of these patients also had SpO 2 >92%.
The mean haemoglobin concentration for all samples was 112 g/l (SD 18 g/l) and the median Apache II score for the study period was 18 (range 2-46).
DISCUSSION
Attempts to semiquantitate oxygen delivery involve reliance upon calculation of the half saturation point of haemoglobin, or P50iv, knowing full well that at a tissue level a number of interrelated factors determine and influence oxygen delivery which, apart from oxyhaemoglobin affinity, include capillary pattern and density, proportion of open capillaries, ease of diffusion of oxygen in plasma and tissues and the activity and oxygen affinity of oxygen utilizing intracellular enzymes.
In order to accurately calculate the P50iv the standard automated approach is to measure SpO 2 , PO 2 and the allosteric factors pH, PCO 2 , fHbCO and fMetHb and apply them to an algorithm, which is then solved for P50iv and other derived parameters.
A variety of algorithms are used in differing blood gas analysers, the Radiometer series of analysers using the popular Siggaard-Andersen equation, first published in 1984 and revised in 1988 9, 11 . If P50iv is to be used to assess oxyhaemoglobin affinity using these analysers, then the SAA must have an acceptable accuracy within the saturation ranges measured in the general population of critically ill patients admitted into any intensive care unit. Previous authors have described inaccuracies in derived parameters when using the SAA at haemoglobin saturation above 90% but have stopped short of assessing the extent of the problem posed by algorithm inaccuracy at high haemoglobin saturation [4] [5] [6] . From this survey it can be seen that approximately 30% of blood gases have SaO 2 >97% ( (Table 6 ). The upper limit for accuracy of the SAA is generally taken to be 97% but as seen from the above analysis of calculated P50 (Figure 1 ) it is more like 92%. If the 92% limit is used then the proportion of blood gases returning an inaccurate P50 rises from 25.3% (781/3090 ) to 89.0% (2751/3090) ( Table 6) rendering the algorithm nearly useless in the clinical situation. Alternatively, P50iv may be calculated in the 20 to 80% saturation range where the algorithm is accurate (Figure 2 ), but this would entail drawing venous blood every time a calculation was to be made.
Venous sampling requires either repeated venepuncture, with the attendant risks of needle stick injury, or the placement of peripheral or central catheters for the purpose of blood sampling. In our hospital peripheral intravenous catheters are changed every 48 to 72 hours and sampling through a central venous line is discouraged because of the potential for catheter hub contamination which may then result in line sepsis 12, 13 . These reasons render routine and repeated venous sampling untenable, at least in our Intensive Care Unit.
As noted before, the proportion of patients with SpO 2 >92% is around 90% in both the general population and the potentially sicker subgroup as defined by acidaemia and hyperlactataemia (Tables 4  and 6 ) and it is within this subgroup, constituting around 40% of patients in the survey (Table 5) , that manipulations of P50iv may lead to positive alterations in patient outcome, therefore making algorithm accuracy even more critical.
Because of the algorithm inaccuracies, inferences regarding oxyhaemoglobin affinity and peripheral tissue oxygen availability in the group of patients with SpO 2 >92% ought to be regarded with suspicion and rejected when the SpO 2 >97%. CONCLUSION Use of the SAA to estimate P50iv in the saturation range >92% cannot be recommended due to erroneous mapping of the algorithm to the true --P50 min --P50 max ∆P50iv standard oxyhaemoglobin dissociation curve. If P50iv is to be used as a marker for oxyhaemoglobin affinity and thence as an indicator of peripheral tissue oxygen availability in this subgroup of critically ill patients, a more accurate algorithm for the dissociation curve needs to be constructed.
